Saccular intracranial aneurysm (sIA) rupture is often fatal. Rupture-prone sIA walls are infiltrated by macrophages expressing hemoglobin-receptor CD163, suggesting a role for erythrocyte lysis in the degenerative remodeling predisposing to rupture. We therefore studied erythrocyte remnants in 16 unruptured and 20 ruptured sIA walls using histology and immunohistochemistry. Glycophorin A (GPA), an erythrocyte membrane protein, was present in 34/36 (94%) sIA walls and correlated with loss of aSMA þ cells, reflecting loss of mural smooth muscle cells ([SMCs]; r ¼ -0.592, p < 0.001), wall degeneration (p ¼ 0.008), and rupture (p ¼ 0.005). GPA correlated with high numbers of CD163 þ and CD68 þ phagocytes (r ¼ 0.65 and r ¼ 0.54, p 0.001 for both). CD163 þ phagocytes were mostly HLA-DR -. Interestingly, single SMCs expressed HLA-DR and also CD163 was expressed in sporadic SMCs, which may reflect their response to hemoglobin accumulation. GPA associated with iron (p ¼ 0.014) was detectable by MRI. An additional 11 sIAs were therefore imaged ex vivo with a 4.7 T MRI prior to histology. In the sIA walls, high GPA and iron accumulation associated with signal intensity in T1-weighted gradient echo MRI. We conclude that accumulation of lysed erythrocytes is a potential driver of inflammatory response in the sIA walls and is associated with the degenerative wall remodeling, thereby predisposing to rupture.
INTRODUCTION
Rupture of a saccular intracranial aneurysm (sIA) causes intracranial hemorrhage with up to 40%-50% mortality (1) . Approximately 2%-3% of the population are sIA carriers (2, 3) . However, all sIAs do not rupture during a lifelong followup (4) . Treatment of unruptured sIAs is associated with risks of 5%-7% morbidity and 1%-2% mortality (5) . For the selection of high-risk patients for the invasive treatment, it is crucial to distinguish rupture-prone sIAs from those that can be followed. A thorough knowledge of the pathogenesis of the sIA is essential for the development of novel tools for the diagnostics and prevention of sIA formation and rupture.
Rupture-prone sIA walls show multiple features of structural remodeling and degeneration, including lipid accumulation, oxidative stress, and mural SMC death. Wall remodeling and rupture are associated with a strong inflammatory component in the sIA wall (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Our recent results show that inflammation of the sIA wall is associated with flow conditions in the sIA fundus (17) , suggesting that sIA wall inflammation is caused by flow-related pathological processes.
Loss of intact endothelium, possibly driven by altered hemodynamic stress and followed by luminal thrombus formation, is considered as one of the key events associated with sIA wall degeneration (8) . Luminal thrombus contains erythrocytes, a type of cell whose membranes are known to be particularly enriched with cholesterol (18) . Thus, entry of erythrocytes into the vascular wall leads to local accumulation of excess cholesterol (19) (20) (21) . Erythrocyte membranes also contain glycophorin A (GPA) (22) , which can be used as a marker of erythrocytes or their fragments. Erythrocyte lysis also releases heme, which releases iron and causes local oxidative stress (20, 21) .
Our prior studies have shown that degenerative remodeling and rupture of the sIA wall is associated with increased infiltration of especially anti-oxidative CD163 þ macrophages (7, 8, 15, 16, 23) . CD163 is a scavenger receptor, whose function is to internalize the pro-oxidative, haptoglobin-complexed hemoglobin (24) . After being endocytosed, hemoglobin is subjected to conversion by heme oxygenase-1 (HO-1) to less toxic carbon monoxide and bilirubin, and the released prooxidative ferrous iron (bivalent ion) is rapidly stored in ferritin (25) . We have earlier demonstrated hemosiderin-bound ferric iron (trivalent ion) in the sIA wall (15, 26) , and also HO-1, which is involved in the sIA pathogenesis (13) .
CD163-expression has been linked to alternative activation of macrophages to the anti-inflammatory M2-subtype (27, 28) . These macrophages have also been found in human atherosclerotic lesions (29) . In degenerated atherosclerotic lesions of coronary arteries, CD163
þ macrophages may represent a specific atheroprotective, hemorrhage-associated type of macrophages (HAmac), which have low expression levels of human leukocyte antigen-DR (HLA-DR) (30) . The polarization towards the HAmac-phenotype in the presence of hemoglobin has also been demonstrated in human abdominal aortic aneurysms (31) . Interestingly, prior preliminary results have suggested that dominance of HLA-DR þ macrophage subtype over CD163 þ subtype is associated with sIA wall rupture (32) .
Prior results have shown that degeneration of the sIA wall is associated with intraluminal thrombosis and with the intramural, neovessel-derived microhemorrhages (15) . Both in the thrombi and microhemorrhages, erythrocytes containing hemoglobin and iron are subjected to degradation. Here we hypothesized that these erythrocyte breakdown products drive the ongoing chronic inflammation towards phagocytosis of the toxic hemoglobin-breakdown products from the sIA wall manifested by high expression of CD163 in the sIA walls. Therefore, we studied whether the accumulation of erythrocyte breakdown products in the sIA wall is associated with high numbers of CD163 þ phagocytes in the sIA wall. Also, we investigated whether 4.7-T MRI, capable of detecting erythrocyte-derived iron, could be used in ex vivo detection of degenerative sIA wall remodeling changes.
MATERIALS AND METHODS

Samples and Clinical Data
We studied a previously published series of 36 tissue samples of 16 unruptured and 20 ruptured sIAs (15, 16) and an additional subseries of 11 sIAs that underwent ex vivo MRI. After their neurosurgical clipping and resection at the Department of Neurosurgery, Helsinki University Hospital, Helsinki, Finland, the 36 samples were handled as previously described (15, 16) , including their immediate snap-freezing in liquid nitrogen, storage at À80 C, and cryosectioning of 4-lm sections for histology. The 11 MRI-scanned samples were fixed in formalin before their imaging and further processing, described below. Clinical data were collected from patients' medical records, and sIA dimensions obtained from preoperative computed tomography angiography images. Supplementary Data  Tables S1 and S2 show patient demographics and histological characteristics of sIAs (15, 16) . The Hospital Ethics Committee approved the study protocol.
Histology, Immunohistochemistry, and Immunofluorescence
Supplementary Data Table S3 shows the primary antibodies and their concentrations. The immunohistological staining protocol including the used reagents and their manufacturers, as well as the information on previously published primary antibodies have been described in detail in our previous studies (15, 16) . In negative controls, the polyclonal primary antibodies were omitted or an irrelevant IgG-classspecific monoclonal antibody (IgG1 or IgG2a; Serotec, Oxford, UK) was used. The histological stainings for Oil Red O, hematoxylin and eosin, and hemosiderin deposition (Perl's method), were performed as earlier described (15, 16) . Resected human tonsil tissue and autopsied intracranial arteries served as positive controls. The 11 formalin-fixed, MRIscanned sIAs underwent antigen retrieval in citrate buffer and, as described above, immunostaining for GPA. This sIA subseries was also stained for Perl's staining to detect hemosiderin, as described by Honkanen et al (26) .
For immunofluorescence doublestainings, the frozen sIA sections were fixed and blocked as previously described (16) (7) . Since only 2 of the sIAs fulfilled the criteria for type D, they were excluded; additional 2 sIAs remained undefined for wall type because of complex orientation of the sIA sections (15) .
The principles for other previous histological analyses of this sIA sample series have been described in our earlier works (15, 16) .
The presence or absence of GPA, HO-1, and HLA-DR were identified, as well as whether the positive staining was localized intra or extracellularly, and in the wall or in the thrombus (Table 1 ; Fig. 1 ). The extent of positive staining in the sIA wall was analyzed semiquantitatively; for more detailed description, see Figure 1 . For the 11 MRI-scanned sIAs, iron stainings were scored as previously described (15) . The number of inflammatory cells was counted in 3 standard-sized intensively stained areas (hot spots; each 0.613 mm 2 ) (15). The amount of aSMA þ cells in the sIA walls was scored semiquantitatively, as described previously (16) . Briefly, we defined whether the sIA walls contained either 1) none, 2) a small group and/or few scattered cells regionally in the wall, 3) scarce positive cells throughout the wall, 4) aSMA þ cell layer resembling normal medial layer, with or without regional loss of aSMA þ cells, or 5) increased numbers of aSMA þ cells resembling hyperplastic wall. In order to investigate possible SMC phenotypic change in sIA wall areas of aSMA þ -cell loss, we counted the total number of nuclei in 28 hotspots (0.147 mm 2 ), captured from 14 aSMA-rich, hyperproliferated wall areas and 14 aSMA-poor, degenerated areas. The hotspots were selected from 14 sIAs showing both, hyperproliferated and degenerated wall areas. Additionally, we analyzed whether staining for aSMA þ , CD68 þ , and CD163 þ colocalized with staining for GPA, HO-1, and HLA-DR in adjacent (consecutive) wall sections, as in our previous study (16) . As none of the samples showed absent colocalization, the colocalization status of positively stained wall areas was scored as partial or complete (Table 2) .
Ex Vivo MRI
Subseries of 11 resected sIAs were fixed in formalin and embedded in 1% agar gel for imaging. After embedding, the sIAs were scanned ex vivo with 4.7 T MRI (Bruker, Pharmascan, Bruker, Germany), using 2 different sequences: Rapid acquisition with relaxation enhancement ([RARE], fast spin echo sequence; TE 40 ms, TR 2600 ms, flip angle 90 , echo train length 8) and fast low-angle shot sequence ([FLASH], gradient echo sequence; TE 8 ms, TR 500 ms, flip angle 40 ) in a linear birdcage radiofrequency coil with inner diameter of 60 mm similarly to that previously described (26) . For both MRI sequences used, matrix size was 265 Â 265, and slice thickness 1 mm. After imaging, the sIAs were embedded to O.C.T. Tissue Tek Compound (Sakura Finetek, Alphen aan den Rijn, The Netherlands), frozen with liquid nitrogen and cryosectioned to 10-lm sections for histology. Orientation of the sIAs for histologic sectioning was preserved similarly as for MRI (26) . Histologic sections corresponding to each MRI section were stained for GPA and Perl's (see above) and imaged with Hamamatsu Nano-Zoomer XR digital histo scanner (Hamamatsu Photonics K.K., Sunayama-cho, Naka-ku, Hamamatsu City, Japan), and the Hamamatsu NDP-viewer program.
All the MR images of sIAs were evaluated for the presence or absence of signal heterogeneity and susceptibility artifacts, considered as all black areas. Additionally, areas of different signal intensities were divided into 3 groups: Hypointense areas, that is, areas darker than background; isointense areas, that is, areas similar to background; and hyperintense areas, that is, areas brighter than background. The extent of these areas was scored semiquantitatively for all MRI sections as follows: 1) not present, 2) less than half the sIA wall area, and 3) more than half the sIA wall area of the section. Corresponding histologic sections were compared with MRI sections for colocalization between positive histologic staining and MRI presentation, as well as for correlation between extent of positive staining and MRI signal intensity.
Statistics
Data analysis was performed using the IBM SPSS Statistics Software, version 21 (IBM Corporation). For categorical variables, proportions were calculated, and Fisher's exact test was used. For continuous variables, median and range were calculated, and Mann-Whitney U (MWU) test, KruskalWallis (KW) multiple comparison test, and Spearman correlation tests were used; p < 0.05 values were considered significant. 
RESULTS
Aneurysm Walls Show Accumulation of Erythrocyte-Derived Particles
The majority (34/36, 94%) of the sIAs showed extensive accumulation of extracellular GPA, a surface membrane protein of erythrocytes, representing the accumulation of intact or fragmented erythrocytes in the sIA walls (Table 1 ; Fig. 1 ). Intracellular GPA was also present, indicating the phagocytosis of the erythrocytes or their membrane remnants. GPA-positive areas colocalized to some extent with CD163 þ and CD68 þ cell infiltrations, as well as with a-smooth muscle cell actin (aSMA) þ cells (Table 2) . Cells doublepositive for GPA and CD163 or GPA and aSMA were only few (Fig. 2) . However, increase in GPA accumulation score correlated with loss of aSMA þ cells (aSMA-score, r ¼ -0.59, p < 0.001, Spearman), sIA wall degeneration (wall type), and wall rupture ( Table 3 ). The total number of nuclei was significantly reduced in aSMA-poor sIA wall areas (p < 0.001, MWU; median 123, range 49-284) compared with aSMA-rich wall areas (median 385.5, range 125-813), suggesting aSMA þ -cell score to reflect mural SMC loss (Supplementary Data Fig. S1 ).
Hemoglobin-Phagocytozing Macrophages Are Widely Present in sIA Walls
Extensive GPA accumulation correlated with high numbers of CD163 þ and CD68 þ phagocytes, but not with CD3 þ cells (T-lymphocytes, Fig. 3 ). CD163 þ cells and HLA-DRexpressing cells were present in all sIAs ( Fig. 1; Table 1 ). Table 2 ). Double stainings for the 4 selected phagocyte-rich sIAs showed, however, that CD163 þ cells were mainly HLA-DR-negative (Fig. 4) , thereby indicating widespread presence of the hemorrhage-associated HLA-DR -and CD163 þ phenotype. In addition, we also found HLA-DR þ and aSMA þ doublepositive cells, although only few (Fig. 4) .
Erythrocyte (GPA) Accumulation Is Associated With High HO-1 Expression
Aneurysm walls with extensive GPA accumulation showed highest HO-1 score (r ¼ 0.57, p < 0.001, Spearman). Increase in HO-1 score was also associated with sIA wall degeneration (Table 3) and correlated with increased inflammatory cell infiltration (CD163 þ and CD68 þ phagocytes, as well as T-lymphocytes, Fig. 3 ). We also found solitary HO-1 expressing aSMA þ cells in half the sIAs, reflecting HO-1-expression by SMCs (14/28, 50%; Fig. 5 ). Interestingly, some aSMA þ cells expressed the hemoglobin-receptor CD163 (Fig. 5) .
Erythrocyte (GPA) Accumulation Is Associated With High Accumulation of Oxidized Lipids in sIA Walls
GPA score positively correlated with accumulation of oxidized lipids (HNE-positive staining), measured as percentage of positive wall area (16) (Fig. 6) . Moreover, GPA and oxidized lipid accumulations colocalized in consecutive sections, especially in those sIAs showing less of their accumulation (Fig. 6) . Oxidized lipid accumulation also positively correlated with HLA-DR score (Fig. 6) , as did adipophilin 
Ex Vivo MRI in the Detection of Luminal Thrombus and Erythrocyte Accumulation in sIA Walls
Since erythrocyte-derived GPA accumulation associated in the immunohistochemistry series with inflammation (infiltration of CD68 þ , CD163 þ , and CD3 þ cells), wall degeneration, and rupture, we investigated in a subseries of 11 sIAs whether iron-sensitive MRI could be used to detect the accumulation of erythrocytes, which contain a lot of iron. All of the studied sIAs showed inhomogeneous signal in both T2*-weighted (FLASH) and T2-weighted (RARE) sequences (Fig. 7) . All sIAs also showed susceptibility artifacts, as previously detected in iron-containing areas of human intracranial aneurysms (26) . In histological specimens, iron was present in all (11/11) and GPA was present in 10/11 of the sIAs. For comparison of histology and MRI by section, we included 9/11 sIAs, whose histologic orientation was identifiable in MRI sections; 2 sIAs with complex orientation were excluded. In total, 48 corresponding histoþMRI section pairs (3-9 sections per sIA) were correlated. We could not identify specific MRI signal pattern in the areas showing GPA or iron positivity. However, extensive GPA accumulation in histology correlated positively with hyperintense (bright) presentation in both RARE (r ¼ 0.444, p ¼ 0.004, Spearman) and FLASH (r ¼ 0.519, p ¼ 0.001, Spearman) sequences in statistical comparison (Fig. 8) . Also, amount of iron deposition correlated positively with (Fig. 8) .
DISCUSSION
In this study, we have shown accumulation of erythrocyte degradation products in the sIA wall. Furthermore, our results suggest that the inflammatory response in the sIA wall is, at least in part, related to the clearance of toxic erythrocyte degradation products, driving the degenerative remodeling of the sIA wall.
Erythrocyte Accumulation in the sIA Wall May Contribute to Wall Degeneration and Rupture and Regulate the Inflammatory Response
Here, we showed that sIA walls contain GPA, representing the accumulation of erythrocytes or their degradation products (19) . GPA extent was also associated with wall degeneration and rupture, suggesting that erythrocyte-derived material contributes to sIA wall fragility. This suggestion is supported by the findings demonstrating GPA in coronary (19, 33) and carotid (34) plaques, in which it associates with plaque vulnerability. Erythrocytes contain also iron-containing hemoglobin, which has pro-oxidative and toxic properties in tissues (20, 21, 34) .
CD163 is a scavenger receptor for hemoglobinhaptoglobin complex phagocytosis (24) . We have shown in several prior studies that CD163 is highly expressed in degenerated and ruptured sIA walls (7, 15, 23) . As published earlier in this series of sIAs, CD163
þ cells appear more numerous in the sIA wall than phagocytes expressing CD68 ((15), Supplementary Data Table S1 ), a scavenger receptor binding especially in oxidized lipids (35) . GPA in the sIA wall also implicates the presence of erythrocyte-derived extracellular hemoglobin, a molecule which is subject to phagocytosis by the CD163 þ cell population. The present correlation between massive GPA accumulation and high number of CD163 þ cells supports this theory.
Erythrocyte-Derived Hemoglobin Can Modify Macrophage Phenotype
Our doublestainings in selected sIA walls show that most of the CD163 þ cells in the sIA wall are negative for HLA-DR. This implies that the hemoglobin-induced hemorrhage-associated macrophage (HAmac) population, defined by high expression of CD163 and low expression of HLA-DR and earlier detected in atherosclerotic coronary arteries and abdominal aortic aneurysms (30, 31) , might also be present in sIAs. Moreover, it has been demonstrated in cultured human monocytes that hemoglobin-derived intracellular iron also upregulates the expression of the ATP binding cassette (ABCA) lipid transporters (36) . Thus, such CD163 þ ABCA-expressing macrophages become resistant to foam cell formation through an enhanced cholesterol efflux capacity (36) . In this series, we have previously shown that high numbers of CD68 þ and CD163 þ cells are associated with high expression of ABCA1 (16) . Through upregulation of ferroportin, the exporter of cellular iron, these macrophages have also been shown to release their intracellular iron-load (36) . We have earlier demonstrated hemosiderin deposition in 9/36 (25%) of the studied sIA walls (15), suggesting accumulation of iron processed in phagolysosomes (37) . In this study, we also observed hemosiderin in at least some of the sections in all sIAs of the subseries of 11 MRI-scanned samples, as we stained serial sections extending throughout the sIA wall. Taken together, we suggest that sIA wall accumulation of erythrocyte-derived hemoglobin and iron drive monocytes towards a CD163-expressing phenotype.
Erythrocyte Accumulation Is Associated With HO-1 Expression
The majority of the sIAs showed expression of HO-1, which may reflect intracellular processing of hemoglobin in phagocytes, as HO-1 converts the pro-oxidative heme into its less toxic products (20, 25, 38) . High HO-1 expression correlated with extensive GPA accumulation, suggesting that the erythrocyte-derived hemoglobin is an inductor of HO-1 expression in CD163 þ phagocytes. In addition to macrophages, SMCs in atherosclerotic plaques can also express HO-1 (38), which we now demonstrate in sIA wall aSMA þ cells, reflecting SMCs. Additionally, we found the expression of CD163 in single aSMA þ cells in a few of the sIAs, suggesting that SMCs in the sIA wall could participate in hemoglobin phagocytosis.
Erythrocyte Accumulation May Contribute to Oxidized Lipid Accumulation in the sIA Wall
Erythrocyte accumulation positively correlated with oxidized lipid accumulation. We have previously shown that lipid and oxidized lipids accumulations are associated with and may contribute to sIA wall degeneration and rupture (8, 10, (14) (15) (16) 39) . Erythrocytes contain a cholesterol-rich cell membrane (18, 19) , and the iron-containing hemoglobin has a strong oxidizing potential (34) . According to the present findings, erythrocyte accumulation in the sIA wall may contribute to the accumulation and oxidation of lipids, similar to that in coronary (19) and carotid (34) artery plaques, and in abdominal aortic aneurysms (20) . On the basis of the strong correlation between GPA and thrombus and the lacking correlation between neovessels, the origin of the majority of GPA appears to be the luminal thrombus. However, whether intramural microhemorrhages derived from immature and leaky neovessels would have an additive role in GPA accumulation remains to be elucidated.
High HLA-DR Expression Suggests Induced Phagocytosis in the sIA Wall HLA-DR, a major histocompatibility complex class II protein required for antigen presentation to T-lymphocytes (40) , was widely expressed in the sIA walls. This suggests ongoing phagocytosis of the sIA wall's excessive extracellular material and its presentation by phagocytes. We observed HLA-DR expression on aSMA þ cells, reflecting mural SMCs, which we have recently shown to also contain lipids in the sIA wall (16) . In contrast to a healthy arterial wall, SMCs can become immunologically active and adapt themselves to express HLA-DR in atherosclerotic plaques (40, 41) . Therefore, lipid phagocytosis may trigger SMC HLA-DR expression also in the sIA wall. Furthermore, excessive presence of lipid accumulation markers correlated with both high HLA-DR and GPA expressions, suggesting that HLA-DRexpressing phagocytes may play a role in removal of erythrocyte-derived lipids from the sIA wall. 
Change in SMC Phenotype
Loss of aSMA þ cells is characteristic to ruptured sIA walls (7, 42) . In this study, we found that GPA accumulation associated with reduced aSMA expression in the sIA wall, suggesting that GPA accumulation may be related to loss of mural SMCs or change in their phenotype. Phenotypic switching from a contractile to a synthetic neointimal phenotype with concomitant reduction in aSMA expression has been previously described in the sIA wall (43) , and in SMCs of atherosclerotic lesions this phenotypic switching may lead to a macrophage-like SMC phenotype that no longer expresses aSMA (44, 45) . Our finding that HLA-DR and CD163 that have been classically associated with macrophages were upregulated in some sIA wall aSMA þ cells indeed supports the concept that at least some SMCs of the sIA wall may differentiate into a macrophage-like phenotype. However, areas with decreased aSMA expression also showed a clearly reduced number of nuclei (Supplementary Data Fig. S1 ). This demonstrates that true loss of mural SMCs is the predominant cause of loss of SMC markers as reported earlier (7, 42) , although a change in the SMC phenotype also occurs (7, 42, 43, 46) .
Clinical Implication
The heterogenous appearance of ex vivo MRI signal from sIA scans demonstrates that the sIA wall harbors structural features, which MRI can detect even without contrast, as previously described by Honkanen et al (26) . In addition, Honkanen showed that accumulation of iron as detected by histological means could also be detectable as susceptibility artifact in corresponding MRI-sections. We were able to demonstrate the presence of susceptibility artifacts in all studied sIAs despite small aneurysm sizes. However, we were unable to demonstrate the corresponding sIA wall areas in histology for iron or GPA. This may be due to small sample size and difficulties/uncertainties with spatial registration of the histological sections with the 3D volume of the MRI scans. Also, the insensitivity of Perl's blue staining to all iron may have affected the results, as the Perl's blue staining detects only the ferric storage form (trivalent ion) of iron but not the hemebound ferrous form (bivalent ion). Further, since erythrocytes are the only plausible source for iron in the sIA wall, the lack of correlation between degraded erythrocytes (GPA immunostainings) and the presence of susceptibility artifact (dark signal) in the MRI scans suggests that clearance rate of GPA differs from that of iron. Intracellularly accumulated iron may remain in phagocytes even after other components of the ingested erythrocytes have been decomposed and become unattainable for immunohistochemical detection (34) . Thus, different components originating from erythrocytes may not be detectable at the same time or even in the same locations of the affected arterial wall. FIGURE 6 . Complete or partial colocalization of areas of (A-C) glycophorin A (GPA, brown, arrowheads), (D-F) oxidized lipid (yellowish-brown, hydroxynonenal-positive, arrowheads). In the sIAs with more accumulation and degenerated wall structure, the colocalization pattern was not as complete (from B and E towards C and F) when compared with sIA walls with less accumulation (A and D). In total, 13/26 (50%) showed partly and 12/26 (46%) complete colocalization, while only 1 sIA showed no colocalization. The arrows in the right-hand margin show the wall orientation from the adventitial to the luminal side. Negative controls are the insets of panels (C) and (F). Scale bars: 100 lm. The extent of (G) GPA and (H) human leukocyte antigen-DR (HLA-DR) expressions in the sIA wall correlated with the percentage of the oxidized lipids-positive area there. Spearman's rho test was used.
Conclusion
These findings suggest that erythrocytes or their remnants accumulate in the sIA wall, a process likely related to damage of the luminal endothelium and subsequent intraluminal thrombosis. These erythrocytes lyse and release hemoglobin, which may induce CD163 and HO-1 expression observed in the sIA wall. Hemoglobin-originated iron may be involved in oxidation of lipids and other bioparticles in the sIA wall, contributing to wall atherogenesis, degeneration and rupture.
Despite being unable to demonstrate accumulation of iron or GPA in the sIA walls with MRI, the heterogenous presentation of the sIA wall in MRI suggests that further MRI studies are warranted to better understand sIA wall remodeling.
